Summary. The three-dimensional arrangement of the medial smooth muscle cells of human major intracranial arteries was studied by scanning electron microscopy after removal of extracellular connective tissue matrices with a KOH-collagenase digestion method. In the straight portion of the major arteries, the smooth muscle cells were arranged roughly circularly, whereas the arrangement was somewhat random in the vertebral, basilar, and internal carotid arteries. Groups of the longitudinal muscle cells were also found in the vertebral, basilar, and internal carotid arteries, but were absent in the anterior, middle, and posterior cerebral arteries. At a higher magnification, smooth muscle cells in these arteries formed anastomosed bundles about 5-30um in diameter.
The smooth muscle cells in the dichotomous branching and the uniting portions were arranged circularly, but multidirectionally and longitudinally oriented smooth muscle cell groups were present in the facial and dorsal walls of the forked vessels. These multidirectional muscle cell groups were small in number in the portion where the major arteries gave off lateral branches at a right angle. So called "medial defects" were found at the crotch of the bifurcating region in two cases out of four. Smooth muscle cells near the defects tapered off toward the center of the defect where internal elastic lamina with oval fenestrations were exposed. However, no special arrangement of the smooth muscle cells was observed around the "medial defects" as compared with that in the ordinary bifurcating region.
Intracranial arteries are typical muscular arteries. At the brain base, they form an unique polygonal anastomosis or the circle of Willis, which acts as a distributing station ensuring adequate blood flow and pressure to the peripheral branches. Pathologically, aneurysms are known to occur frequently in these arteries (FORBUS, 1930; STEHBENS,1963) . Vasospasm after aneurysmal rupture is also a matter of clinical importance (FEIN et al., 1974; MACDONALD et al., 1991) . In order to understand these physiological and pathological characteristics of the Intracranial arteries, a precise knowledge of the structure of the vascular wall is needed, particularly for the architecture of the smooth muscle cells in the normal Intracranial arteries.
Many previous investigators have studied the tunica media of the intracranial arteries, mainly by light microscopy (TRIEPEL, 1897; FORBUS,1930; WALMSLEY, 1983a, b; WALMSLEY et al., 1983) and transmission electron microscopy (TEM) (DAHL et al., 1965) ; these studies using sections demonstrated two-dimensionally the structure of the medial smooth muscle cells, but provided little information about the three-dimensional organization of the muscle cells in the arteries. Since scanning electron microscopy (SEM) is useful in this respect, several researchers have applied it to the observation of the smooth muscle cells in the Intracranial arteries (SHIRAISHI et al., 1986 (SHIRAISHI et al., , 1990 USHIWATA and USHIKI, 1990; MACDONALD et al., 1991) . These studies, however, have focused mainly on the peripheral small branches and, as far as we know, no systemic studies on major intracranial arteries by SEM have been performed. The present study was therefore undertaken to clarify the overall architecture of smooth muscle cells of human major Intracranial arteries using SEM after removing extracellular tissue matrices with a KOHcollagenase digestion method (USHIKI and IDE, 1987, 1988; TAKAHASHI et al., 1994) .
MATERIALS AND METHODS
Human cerebral vessels were obtained by autopsy from 4 subjects (36-, 54-, 65-and 67-year-old males), who had no apparent history of brain disease. The brains removed from the bodies within 12 h after death were perfused through the bilateral internal carotid arteries and one of the vertebral arteries with 100ml of 10% formalin in 0.1 M phosphate buffer (pH 7.4). Immediately after perfusion, blood vessels were carefully taken from the brain parenchyma and immersed in the same fixative overnight. The specimens were then transferred to a fixative containing 2% glutaraldehyde in 0.1 M phosphate buffer and stored in the solution for 1 day or more at room temperature.
In order to remove collagenous components, all fixed specimens were treated with a KOH-collagenase digestion method (USHIKI and IDE, 1987, 1988; TAKA-HASHI et al., 1994) ; briefly, the specimens were placed in 30% KOH solution for about 10 min at 60-65C, rinsed several times in 0.1 M phosphate buffer (pH 7.4) and immersed in a collagenase solution (Sigma type II, about 10mg/10ml of 0.1 M phosphate buffer, pH 7.4) for 3 to 5h at 37C. For conductive staining, the specimens were rinsed several times in 0.1 M phosphate buffer (pH 7.4), treated with a 2% tannic acid solution for 3 to 6h, washed several times in distilled water, and then immersed in 1% osmium tetroxide solution for 3h (MURAKAMI, 1973) . They were dehydrated in a graded series of ethanol, transferred to isoamyl acetate, and critical point-dried in liquid COZ. After the dried specimens were mounted on aluminum stubs, the adventitial tissues of the vessels were carefully removed under a dissecting microscope with a fine needle and forceps (see also in Results). They were then coated with platinum-palladium in an ion coater, and observed in an SEM (S-430, or S-2500, Hitachi Ltd., Tokyo) at an accelerating voltage of 15kV. 
RESULTS
In the specimens treated with the KOH-collagenase digestion method, collagen fibrils and the basal laminae were efficiently removed, but cellular elements as well as elastin components were preserved intact in shape and arrangement.
Since the outer surface of the vessel wall was still covered with the adventitial cells and elastic fibers, we investigated the medial smooth muscle cells under an SEM after manually removing the adventitial tissues as described above (Fig. la) .
In the present study, we will use the term "major arteries" to denote large arteries at the brain base; these include the intracranial portion of the internal carotid artery, the horizontal portion of the anterior cerebral artery, the horizontal portion of the middle cerebral artery, the peduncular portion of the posterior cerebral artery, the intracranial portion of the vertebral artery, and the basilar artery. For convenience of explanation, we will also refer to the vessel wall facing the dura mater as the "facial wall", and to the vessel wall facing the brain parenchyma as the "dorsal wall". The vessel wall between the facial and the dorsal walls will be called the "side wall".
Straight portions of the major arteries
The arrangements of the smooth muscle cells in the vertebral, basilar, and internal carotid arteries were essentially similar. The smooth muscle cells in the superficial portion of these large major arteries were arranged roughly circumferentially, with a pitch below 35 (Figs. la, 2a) . In some portions, a group of muscle cells changed their course markedly to oblique or longitudinal directions, spanned over the circularly oriented smooth muscle cells, and joined again with the circular muscle cells at a distance (Fig. 2a, c) .
When observed at a high magnification, the smooth muscle cells in these arteries formed anastomosed small bundles about 5-30,um in diameter (Fig. lb) . Each bundle was composed of several to ten muscle cells. Neighboring smooth muscle cells within the bundle were closely connected to each other by their tiny projections. Cord shaped elastic fibers were scattered in the spaces between these smooth muscle bundles, which was most prominent in the vertebral artery (Fig. lc) .
Smooth muscle cells in the horizontal portions of the anterior cerebral and the middle cerebral artery and in the peduncular portion of the posterior cere- bral artery were slightly different in arrangement from the above arteries (Fig. 3a) . The muscle cells also encircled the vessel wall roughly circularly, although the arrangement was more regular than in the above arteries; the pitch of the muscle cells was below 20°. Longitudinally oriented smooth muscle cells were not observed in these portions. At a higher magnification, the smooth muscle cells formed small bundles about 5-20,um in diameter. However, the spaces between the muscle bundles became narrow and the amount of elastic fibers slight as compared with that found in the vertebral, basilar, and internal carotid arteries (Fig. 3b) .
The muscle cells in the anterior and posterior communicating arteries also showed a circular arrangement similar to those in the anterior, middle, and posterior cerebral arteries, irresepective of the size of the vessels (Fig. 4) .
At the site where perforating arterioles originated from the major arteries, smooth muscle cells of the major arteries often extended toward the arterioles and encircled them helically (Fig. 2b ).
Branching and uniting portions of the major arteries
The smooth muscle cells on the side walls of the branching sites were arranged roughly circularly to the long axis of the arteries (Figs. 4, 5a, 6a, 7) . The arrangement of the smooth muscle cells in the facial and dorsal walls was, however, varied, depending on the branching styles in these arteries. In the dichotomous branching portion (e.g. first bifurcation of the middle cerebral artery), groups of smooth muscle cells of varying widths ran in various directions in the facial and dorsal walls. These multidirectional muscle groups were complexly interwoven (Fig. 5a, b) . Thick longitudinal muscle groups were sometimes present in the facial and/or dorsal walls of the branching roots as if tying the branches to the trunk artery like a suspender (Fig. 4) . In the portion where the major arteries gave off lateral branches at a right angle (e.g. basilar-superior cerebellar artery junction), the circumferential muscle cells of the trunk artery curved on the facial and dorsal wall in the shape of a "Y", looking as if they fitted tightly round the neck of the branch. There were few multidirectional muscle cells in these regions (Fig. 6a) .
The arrangement of the smooth muscle cells in the uniting portions of bilateral vertebral arteries was essentially the same as that observed in the dichotomous branching of the major arteries. However, a large group of longitudinally oriented smooth muscle cells was present both in the facial and dorsal walls of the basilar artery appearing to pull the crotch of the uniting portions to the basilar artery (Fig. 7) .
In two cases (54-and 67-year-old males), we observed "medial defects" of the tunica media at the branching region of the intracranial arteries, which were recognizable even in the fixed specimen because of their transparency.
The 54-year-old male had medial defects bilaterally at the crotch of the first bifurcation of the middle cerebral artery. The 67-year-old male, on the other hand, had multiple medial defects; they were present at the crotches of the second and the third bifurcations both of the middle cerebral artery and the anterior cerebral artery, and the portions where the posterior cerebral artery and the superior cerebellar artery branched from the basilar artery. In digested specimens, the medial defects were often covered with elastin fibers even after the adventitial connective tissues were carefully removed under a dissecting microscope. The arrangement and shape of the smooth muscle cells in and near the medial defects were essentially the same as those seen in the ordinary branching regions (Fig. 6a) . The smooth muscle cells reduced in number toward the center of the defects; each smooth muscle cell terminated with a tapering cell end in these portions. Free cells such as lymphocytes and macrophages were not recognizable in or near the medial defects. The degree of the lack of smooth muscle cells varied from small to extensive depending on each defect. An internal elastic lamina with numerous fenestrations of less than 15,um was always observed in the central area of the medial defects (Fig. 6b) .
DISCUSSION
The present study is the first to precisely demonstrate by SEM the three-dimensional arrangement of typical smooth muscle cells in the human major intracranial arteries. Figure 8 is a schematic drawing of the smooth muscle cell arrangements in these arteries.
Our findings have clearly shown that smooth muscle cells in the straight portion of the human major intracranial arteries are arranged roughly in a circular fashion, which corresponds well to findings obtained in the rat (USHIWATA and USHIKI, 1990), dog (SHIRAISHI et al., 1986) , and monkey (MACDONALD et al., 1991) . We have further shown that the arrangement of the smooth muscle cells differs slightly according to the size of the arteries; the smooth muscle cells seem to be arranged more randomly in the vertebral, basilar, and internal carotid arteries than in the horizontal portions of the anterior cerebral and middle cerebral arteries.
The presence of the longitudinal muscle cells in the vertebral, basilar and internal carotid arteries is an interesting finding. SHIRAISHI et al. (1986 SHIRAISHI et al. ( , 1990 has previously found longitudinal smooth muscle cells in the straight portion of peripheral arteries (less than 300um) in the dog and human. However, they stated that such longitudinal cells were lacking in the major arteries with a diameter of more than 3001um. It is true that the small major arteries and their branches have few longitudinal muscle cells, but the large major arteries possess a number of longitudinal smooth muscle cells. These smooth muscle cells probably involved in causing the tension in the longitudinal direction. A recent rheological study showed that both the facial and dorsal walls of the basilar artery were subject to stronger wall-shear stress than its side walls (KRIJGER et al., 1992) . The longitudinal smooth muscle cells may play an important role in counteracting such stress.
We thus consider that the large major arteries have the muscular arrangement suitable for protecting the vessel wall against blood pressure; the small major arteries, on the other hand, are probably effective for controlling the cerebral blood flow, since circularly oriented smooth muscle cells are able to constrict and dilate the vessel wall most efficiently. The present study has shown that smooth muscle cells in the major arteries tend to form small bundles. This finding indicates that the small bundles of the smooth muscle cells probably act as a functional contractile unit in the arterial wall. The fact that these small bundles anastomose with each other indicates that the smooth muscle cells in the arteries, as a whole, act like a "syncytium". It is interesting that the bundle formation is prominent in the large major arteries, especially in the vertebral artery, while it becomes obscure at the peripheral portions of the arteries. The presence of these muscle bundles in the intracranial arteries has been reported only by MAc-DONALD et al. (1991) in the monkey. As such bundles were not observed in the major arteries of such small animals as the rat (USHIWATA and USHIKI, 1990 ) and the dog (SHIRAISHI et al., 1986) , bundle formation of the smooth muscle cells may relate to the size of the cerebral arteries.
Morphological characteristics of the branching region have been discussed in relation to saccular aneurysms (FORBUS,1930; STEHBENS, 1959 STEHBENS, , 1963 HASSLER, 1961) . SHIRAISHI et al. (1986) pointed out the presence of longitudinally oriented smooth muscle cells at the branching region of the dog cerebral artery. USHI-WATA and USHIKI (1990), on the other hand, observed the facial and dorsal walls of the bifurcating regions in the rat cerebral artery showing a variety of shapes, sizes, and arrangements of the smooth muscle cells. The present study has demonstrated that smooth muscle arrangements in the branching region of human major intracranial arteries are more complicated than those found in small animals. The complex configurations of the muscle cell groups in the dichotomous branching portions are apparently effective in protecting the vessel wall from multidirectional forces (SHIRAISHI et al., 1986; USHIWATA and USHIKI, 1990) .
The most remarkable finding in this study concerns the presence of the medial defects in the human intracranial arteries. In his light microscopic studies, HASSLER (1961) reported 31% of 157 human autopsy cases had "medial defects" at the bifurcating region of the major arteries. GLYNN (1940) also found medial defects in 79% of autopsy cases. Although medial defects have never reported in previous SEM studies of the rat, dog or the monkey cerebral arteries (SHIRA-ISHI et al., 1986; USHIKI and USHIWATA, 1990; MAC-DONALD et al., 1991) , we consider that the high frequency of the occurrence of these medial defects is characteristic of human intracranial arteries. At present, there are two theories on the cause of medial defects: congenital and acquired. FORBUS (1930) studied the intracranial arteries of children and adults, and found medial defects in about two-thirds of each group, speculating that these defects were of congenital origin. STEHBENS (1959) , on the other hand, examined branching regions of all ages and reported that medial defects were more common in elder individuals; the findings suggested that some of these were acquired during life. As shown in the present study, smooth muscle cells in the vicinity of the medial defects were arranged similar to those in the ordinary branching region, and no acute degenerative changes were observed in our cases. Therefore, we consider that the medial defects observed in the present study are, at least, not the result of degenerative changes which have rapidly progressed in late life.
FORBUS (1930) believed that the medial defect constitutes a locus minoris resistentiae in the wall of the vessel. HASSLER (1961) also investigated the circle of Willis and found a close relation between medial defects and the aneurysms. On the other hand, by testing the tensile strength of the blood vessels with medial defects, GLYNN (1940) proposed that medial defects do not constitute a locus minoris resistentiae.
To understand the relation between medial defects and aneurysms, we need further SEM studies on the cytoarchitecture of aneurysms.
